Gas chromatographic retention data on 107 terpene hydrocarbons from the literature have been used to obtain a set of Abraham descriptors for these 107 compounds. For 88 aliphatic cyclic terpene hydrocarbons, a fragmentation scheme was constructed that allows key descriptors to be estimated just from structure. The total set of descriptors, including those estimated by the fragmentation schemes, were then used to predict water-octanol partition coefficients for the 88 compounds, there being good agreement with experiment. For a small number of terpene hydrocarbons, there was good agreement between predicted and experimental values of nasal pungency thresholds, and predicted and experimental gas-blood, gas-oil, and gas-water partition coefficients. It is suggested that the descriptors obtained for the 107 terpene hydrocarbons can be used to predict water-solvent partition coefficients, gassolvent partition coefficients, and partition coefficients in a number of biological systems.
Introduction
Terpenes are found in a wide variety of essential oils. Geraniol is the main constituent of geranium oil, limonene the major constituent of lemon oil, menthol the principal constituent of pepermint oil and α-pinene the main constituent of turpentine. Many terpenes are of industrial importance; Sell [1] lists 20 terpenes that are used on an industrial scale, for example 30,000 tons of myrcene per annum, and limonene has widespread use as a fragrance component.
In spite of their widespread occurrence and use, there is very little known as to the effect of terpenes on humans, other than skin irritation and sensitization [2] . Cometto-Muñiz et al. [3] determined odor detection thresholds (ODT), eye irritation thresholds (EIT) and nasal pungency thresholds (NPT) for eleven terpenes. Nagata [4] included only three terpenes in his extensive investigation on ODTs, and Rodriguez et al. [5] only seven terpenes in ODT values for 100 compounds. There is an enormous number of terpenes likely to be encountered in everyday life, and some method of predicting their ODT, EIT, and NPT thresholds thresholds is clearly of importance. Since very little data exists on physicochemical properties of terpenes, the ability to predict such properties would also be extremely useful. Our method is based on the two linear free energy relationships, LFERs, Eq. (1) and Eq. (2) [6] [7] [8] .
SP = c + e E + s S + a A + b B + v V
(1)
The dependent variable, SP, is some property of a series of solutes in a given system. SP may be partition coefficients as, log P s , for a series of solutes in a given water-solvent system or may be log K s for a series of solutes in a given gas-solvent system. The former are mostly used in Eq. (1) and the latter in Eq. (2) . Other systems can also be used. For example SP in Eq. (2) can be a set of retention data for a series of solutes on a given gas liquid chromatographic, GLC, stationary phase.
The independent variables, or Abraham descriptors, in Eq. (1) and Eq. (2) are properties of solutes as follows [6] [7] [8] : E is an excess molar refraction in cm /100 and L is the gas to hexadecane partition coefficient at 25 o C, as log K s .
The constant c and the set of coefficients, e, s, a, b, v and l characterise the system and are determined by multiple linear regression analysis. These coefficients are not just fitting coefficients, but represent the complementary properties of the system: e gives the contribution in Eq. (1) and Eq. (2) of the solute-system general dispersion interaction, s is the solvent dipolarity (plus some polarizability), a is the system hydrogen bond basicity (the complimentary property to solute hydrogen bond acidity) and b is the system hydrogen bond acidity (the complimentary property to solute hydrogen bond basicity). The coefficients in Eq.
(1) and Eq. (2) for a few processes that have been used to obtain descriptors for terpenes are in Table 1 [8, [10] [11] [12] [13] . Abraham et al. [14] set out an equation for NPT values, based on Eq. (2) and later incorporated a number of terpenes into the algorithm [15] . Algorithms that included a few terpenes were also constructed for EIT [15] and ODT [16] values. These equations required knowledge of the descriptors in Eq. 2 for the terpenes, but it has not been easy to obtain these for any substantial number.
Descriptors for 30 terpenes have been obtained [17] , mostly from GLC retention data on various stationary phases. It was pointed out [17] that none of the GLC stationary phases possessed any hydrogen bond acidity, and hence that the important B-descriptor could not be obtained from GLC data. Abraham et al. [17] managed to obtain the B-descriptor for a few terpenes from known water-octanol partition coefficients, as log P oct , and from their own measurements of HPLC capacity factors but for most of the terpenes they were only able to estimate B-descriptors. Ahmed and Poole [12] listed descriptors for a large number of compounds, including 23 terpenes. They gave no reference for the origin of the descriptors but by inspection those for 19 of the terpenes were taken from the paper by Abraham et al. [17] . Thus the B-descriptor for these 19 terpenes is subject to the same uncertainty as mentioned by Abraham et al. [17] . In a later paper, Karunasekara and Poole [18] [19] , -0.144 [20] and + 0.233 [21] so that extreme caution is necessary if log K w values are used.
In the present work we concentrate on terpene hydrocarbons, and collect in Table 2 the Abraham descriptors for the few terpene hydrocarbons that have been obtained through the use of GLC retention data coupled with an experimental value of log P oct [12, 16] . Although the terpenes in Table 2 are structurally quite simple, there are sometimes quite large differences in the values of the descriptors for a given compound. Note that for all the terpene hydrocarbons we shall deal with, the A-descriptor is zero, and so we omit the zero A-values from Table 2 .
We therefore set out to obtain a coherent set of descriptors for terpene hydrocarbons in the hope that we would have enough reliable values for the B-descriptor to be able to construct an algorithm for the prediction of B-values. 
Methods
Our method for the determination of descriptors for a given terpene is based on Eq. (1) and Eq. and we prefer to use log K w as an extra descriptor to be determined.
Then the 'unknown' descriptors are S, B, L and log K w . There is little problem in obtaining equations for GLC retention data, following Eq. (2), and we have some 90 such equations constructed mostly from retention indices on the constituents of natural oils and waxes. In a very useful and important paper, Babushok et al. [27] surveyed the literature on retention indices, I, on three particular stationary phases, viz.: dimethylsilicone (DIMS), dimethylsilicone with 5% phenyl groups (DIMSP) and polyethylene glycol (PEG). Since their data base covers a wide range of compounds, we thought that our equations for I-values might be of use to other workers who wish to obtain descriptors from GLC data. In some instances, the number of compounds for which we had descriptors was very small, the large majority of compounds being terpenes, and so it was not possible to obtain an equation for the I-values. We then waited until we had determined descriptors for enough In Eqs. (4)- (7), N is the number of data points, that is compounds, R is the correlation coefficient, F is the Fisher F-statistic, PRESS and Q 2 are the leave-one-out statistics and PSD is the predictive standard deviation [29] . The rather better statistics of Eq. (7) is probably due to the data of Babushok et al. [27] being derived from several different sources. As is invariably the case for GLC retention data, none of the equations has a statistically significant
For a few terpene hydrocarbons, experimental values of log P oct are listed in the EPI software program, available through ChemSpider [20] and in the BioLoom software program [30] . We also calculated log P oct using a number of the most widely used programes, viz the EPI and the ACD programes [20] , the ClogP program [30] phase using a number of water-methanol eluants for a large number of terpenes, including 10 terpene hydrocarbons. Zenkevich and Kushakova [13] have determined perfluorodecalinacetonitrile partition coefficients for a large number of compounds, including some terpenes.
We have used their data to obtain equation coefficients as shown in Table 1 . The bcoefficient is very small, 0.150, and so the equation is not at all useful in the determination of the solute B-descriptor.
The set of equations on the lines of Eq. (1) and Eq (2) together with the corresponding dependent variables were then solved for the unknown descriptors S, B, L and log K w by the trial-and-error procedure 'Solver' in Microsoft Excel. The equations that we used are in Table   1 , together with a large number of equations for GLC retention data that are of little intrinsic value.
Results
By far the main set of terpene hydrocarbons are aliphatic cyclic compounds with a wide variety of number and sizes of rings. For several of the terpene hydrocarbons we had a large number of equations for GLC retention data, 65 in the case of α-pinene. Many of the equations have large values of the s-coefficient, see for example Eq. (6), so that there is little problem in obtaining the corresponding S-descriptor. We also had experimental values of log P oct [20, 30] , HPLC capacity factors [33] , and hexane-acetonitrile partition coefficients [12] for a number of terpenes that helped to yield the total set of descriptors, including the Bdescriptor. We then set out a fragmentation scheme for the estimation of B, using the number and type of ethylenic double bonds and the number and type of rings in the terpene as the fragments. The fragments were defined manually and an Excel spreadsheet was used for the calculations. As we dealt with more and more terpenes, we updated the scheme until we reached an equation with the coefficients shown in Table 3 . Since we had all the data available, we set out similar fragmentation schemes for E and S, as shown also in Table 3 . It is very important to note that these schemes are intended to apply only to aliphatic cyclic terpene hydrocarbons. Furthermore, they are purely empirical schemes. However, the fragment scheme for B, especially, should be of some value in cases where a given set of equations cannot yield a reliable value. The final set of descriptors for the 88 aliphatic cyclic terpene hydrocarbons that we have studied is given in Table 4 ; in all cases the A-descriptor is zero. Also included in Table 4 are the molecular formula of the terpene and the number of equations for GLC retention data used in the analysis, n(GLC). Since our analysis yields log K w as a matter of course, we include this very difficult to measure parameter as well. We also studied a much smaller number, twelve, of aliphatic acyclic terpene hydrocarbons. These were easier to deal with than the aliphatic cyclic hydrocarbons because both S and B could be estimated by analogy from data on other aliphatic acyclic hydrocarbons, and S could also be established from equations for GLC retention data. In the event, there was good agreement between the two sets of S-values, and the final set of descriptors is in Table 4 .
There are a few terpene hydrocarbons that are derivatives of benzene or of 1,2,3,4-tetrahydronaphthalene, and we examined seven aromatic hydrocarbons, given as the final entries in Table 4 . In these cases, there was only poor agreement between the S-descriptor obtained from the GLC equations, and the S-descriptor obtained by analogy with values for known aromatic hydrocarbons. In all cases, the S-descriptor from the GLC equations was smaller than the values estimated from known aromatic hydrocarbons. Fortunately, calculated values of log P oct using several methods give reasonably consistent results, see later, and so we selected S and B values that were consistent with results from the GLC equations, with estimations using known values for aromatic hydrocarbons, and with the calculated log P oct values. This is a quite different analysis from that used for the aliphatic terpene hydrocarbons, but we found it to be the only way that we could estimate descriptors.
Our selected values are in Table 4 .
Discussion
As explained, above, for the 88 aliphatic cyclic hydrocarbons and the 12 aliphatic acyclic hydrocarbons, the key descriptor S was obtained from the GLC equations or from the fragmentation scheme in Table 3 , and for most of the compounds the 'difficult' descriptor B was obtained from the corresponding fragmentation scheme. We can check if our set of descriptors is reasonable or not by a comparison of log P oct calculated from the descriptors in Table 4 and log P oct calculated by standard literature methods. We therefore assemble in Table 5 values of log P oct calculated using the BioLoom ClogP program [30] , the Advanced
Chemistry Development program (ACD) and the EPI program as implemented in
ChemSpider software [20] , the AlogPS program [31] and the SPARC program [32] . These five methods are probably the most used calculations for log P oct . We have shown [11] that experimental values of log P oct are well represented through Eq. 8. Both the s-coefficient and especially the b-coefficient in Eq. (8) are numerically large and so estimations of log P oct should provide a quite rigorous test of our descriptors.
Log P oct = 0.088 + 0.562 E -1.054 S + 0.034 A -3.460 B + 3.814 V (8) Table 5 Comparison of log P oct calculated from the descriptors in Table 4 (taken) and log P oct calculated from literature software. Results of the log P oct calculations are in Table 5 . It is not our intention to compare the various literature methods for these calculations, but we note that the AlogPS method usually gives log P oct values smaller than the average, and that the SPARC method usually gives values larger than the average. The differences in the various calculations can become very large, so that for α-cubebene they amount to over four log units. The log P oct values obtained from our descriptors, that include the S-and B-descriptors, are invariably within the upper and lower limits of the calculated descriptors, and are usually close to the average value of the ClogP, ACD, and EPI calculations. We therefore conclude that the fragment calculations for S and B do yield reasonable values, so that the total set of descriptors then leads to reasonable values for log P oct . There is then every reason to think that the descriptors set out in Table 4 will yield good estimates of log P and log K values for the very large number of water-solvent and gas-solvent systems for which we have the required equations [8] . In a similar vein, the descriptors can be used to estimate nasal pungency thresholds. The calculations of log P, log K and NPT are completely trivial -all that is needed is to combine the descriptors with the corresponding equation coefficients.
There are a few cases in which our predictions can be compared to experiment. The most recent equation for NPT values [34] is Eq. (9), and our predicted values using the descriptors in Table 4 are compared with the observed values [17] in Table 6 . The agreement is excellent and although we have only two sets of data, there seems no reason why the descriptors in Table 4 should not yield reasonable predictions of nasal pungency thresholds.
Log(1/NPT) = -7.770 + 1.543 S + 3.296 A + 0.876 B + 0.816 L
gas-water and gas-olive oil partitions at 37 o C. We have equations for gas-blood partitions [36] , gas-olive oil partitions [37] and gas-water partitions [38] , Eq. (10) -Eq. (12), all of which refer to 37 o C, and we compare our predictions with experimental values in Table 6 .
Log K blood (37 o 
Agreement is generally very good, even for equations that have a substantial b-coefficient, so for the four terpenes studied by Falk et al. [35] the B-descriptor that is compatible with the coefficients in Table 3 seems to lead to reasonable values of the gas-solvent partition coefficients.
We note that the descriptors in Table 4 can be used for the prediction of gas-water partition coefficients from 0 o C to 100 o C, in combination with the equation coefficients we have already listed [38] .
Table 6
Comparison of predicted and experimental values of log (1/NPT) and of log K for some gas- It is now possible to use the coefficients in Table 3 to predict E, S and B for aliphatic cyclic terpene hydrocarbons. Then if GLC retention data are known for a few systems for which equations are available, the entire set of descriptors E, S, B, V and L can be obtained.
We use the retention data of Babushok et al [27] for the systems characterized through Eq.
(4), (5) and (6) and calculate E, S, B, V as suggested. These are given in Table 7 for three terpenes listed by Babushok et al [27] . As before, we can use the obtained set of descriptors to estimate log P oct through Eq. (8) and can compare our estimated values with literature calculations, as shown in Table 7 . There is good agreement between the log P oct values predicted from our descriptors and those calculated by literature methods. This indicates that, indeed, we are in a position reliably to estimate E, S and B, and of course to calculate V. A knowledge of these descriptors is enough to be able to predict log P values for partition from water to octanol and to a very large number of other solvents. Experimental data on GLC retention on just a few characterized phases are all that is needed to determine the Ldescriptor. Then partition coefficients can be estimated for transfer from the gas phase to numerous solvents, as well as a large number of biological properties, including the important nasal pungency thresholds. We give predictions for the latter in Table 7 , with values of NPT in ppm. Both α-bulnesene and β-sesquiphellandrene are quite potent vapours, of about the same potency as that of hexanoic acid, log (1/NPT) = -1.30 [14] . Table 7 Estimation of descriptors through coefficients in 
